Slow release formulations oí" the herbicide imazaquin (2-( 4-isoproPYI-4-methyl-5-oxo-4,S-dihydro-IHimidazol-2-yl)quinoline-3-carboxylic acid) were prepared by its adsorption 00 Fe-pillared c1ay minerals (Fe PILCs). Fe PILes were synthesized by the reaction ofNa+ -montmorillonite (SWy-2) with base-hydrolyzed 50-lutions of Fe and AL The Fej(Fe + Al) ratios used were 0, 0.05, 0.15 and 0.50. Fe PILes showed basal spacing values of 5.2 and 1.8 nm which were due to ¡ron c1usters between delaminated c1ay layers, and intercalated aluminum polyoxocations, respectively.As ¡ron content increased, the pillaring process yielded PILe with lower microporosity and larger mesoporasity. Ihe affinity of imazaquin on Fe PIlCs was very high relative to Al PIlC, as revealed in its higher herbidde adsorption values and lower desorption percents. Competitive adsorption of anions such as sulfate, phosphate and chloride pravided evidence of formation of inner sphere complexes of imazaquin on Fe PIlCs. Slow release formulations were prepared by enhanced adsorption of the herbicide fram imazaquin-cyc1odextrin (CD) complexes in solution. COs were able to enhance up to 8.5-fold the solubility of imazaquin, by the formation of inc1usion complexes where the quinolinic moiety of the herbicide was partially trapped within the CO cavity. Release ofthe herbidde in sandy soil was about lj2-fold lower fram Fe PIlC formulations relative to the commercial formulation.
Introduction
Herbicides are applied to impede the growth of weeds and improve the yield of crops. However, only a part of the applied amount reaches its target whereas the rest remains either attached to the soil colloids or undergoes degradation and transfer processes such as migration of the herbicide to surface and groundwater, which has been reported to be one of the main sources of polluted waters (Finizio et aL, 2011; Metcalfe et aL, 2011 ) . Io minimize this effect, research has focused in the last decades on the development of slow release formulations (SRFs) of herbicides that permit to decrease the losses of the used amounts but to achieve good bioactivity, thus providing safer environmental formulations (Femández-Urrusono et aL, 2000; Sopeña et al., 2005; Undabeytia et al., 2000 Undabeytia et al., , 2003 Undabeytia et al., , 2010 .
Clay minerals have been studied as good candidates for SRF because of their good adsorbent properties in addition to their abundance and low-cost. Most of the studies were performed on montmorillonite (Mt) whose surface was modified previously from hydrophilic to hydrophobic by pre-adsorbing orgarüc cations, which were further used for enhanced adsorption of the active ingredient. In general, high adsorption is usually correlated with slow release properties . Recently, hydrotalcites were used based on the same principle, but using organic anions (Zhenlan et aL, 2009 ). Other clay mineral-based approaches were trapping of the herbicide by coagulation of delaminated clay minerallayers (Nennemann et aL, 2001a) , adsorption after previous thermal treatment (Bojemueller et al, 2001 ) , bentonite polymer gels (ti et aL, 2009) , and sepiolite gels (Maqueda et al., , 2009 ).
Pillared clay minerals (PILCs) were proved very effective in the adsorption of herbicides and organic contaminants due to geometrical compatibility between the structural pores and molecular dimensions ofthe chemicals, in addition to their specific interactions with the pillars and layers ofthe clay mineral (Cheknane et aL, 2010 ) . Adsorption capacity of PILC was used for the preparation of SRF of herbicides (Gerstl et aL, 1998; Nennemann et aL, 2001b ) .
Imazaquin (IMZQ) is a selective imidazolinone herbicide used for broad-spectrum weed control in legume aops (Abrens, 1994) . IMZQ has an acidic carboxyl and a basic quinoline functional group with pKa values of3.8, and 2.0, respectively (Regitano et aL, 2005 ) . Therefore, it exists as an anion at typical soil pH values, increasing its risk for leaching down the soil profile. A PILC forrnulation was designed to reduce its leaching in soil (Polubesova et al., 2002 ) . In the current work, SRFs of the herbicide imazaquin were designed based on PILC prepared from hydrolyzed iron solutions instead. Imidazolinone herbicides are known to forrn complexes with transition metals (Erre et aL, 1998) . Imazaquin adsorption on soils with different physicochemical properties was greater on the soil containing higher amorphous iron oxide content (Undabeytia et al., 2004) . This pointed to the formation of stronger complexes with iron over other elements as aluminum, and hence, enhanced imazaquin adsorption and stronger retention on Fe PILC. The validity of this approach for the preparation of SRF was examined in the current paper.
In general, the active ingredient loading on clay-based formulations is limited by the herbicide solubility, which prevents further adsorption. Cyclodextrins (CDs) are cyclic oligosaccharides produced by the enzymatic breakdown of starch by bacteria. These molecules have a toroidal shape, with a hydrophobic interior cavity and hydrophilic faces (Szejtli, 1998) . The ability of these molecules to form inclusion complexes with non-polar molecules has been exploited in the pharmaceutical industry as a solubility enhancement agent (Bikiaris, 2011) . Environmental applications for subsurface soil remediation of organics have started to be described based on the very poor CD adsorption on soil colloids (Fenyvesi et al., 2011; Villaverde et al., 2005) . Therefore, the active ingredient content of the PILC formulations can be increased by performing adsorption of the herbicide in solution from CD inclusion complexes. The herbicide will be solubilized and adsorbed on the clay mineral whereas the CD will remain mostly in solution.
The objectives of this work were: (i) to prepare Fe PILCs as adsorbents for the preparation of SRF; (ii) to study the formation of inclusion complexes of IMZQ with CD; (iii) to prepare slow release formulations from CD-IMZQ solutions; and finally (iv) to test these formulations for slow release.
Materials and methods

Materials
Wyoming Na + -Mt (SWy-2) was obtained from the Source Clays Repository of The Clay Minerals Society (Columbia, MO) (cation exchange capacity 0.8 mmol/g). Al (NO) 3 •9H 2 O, FeCl 3 •6H 2 O, NaCl, Na 2 SO 4 , Na 3 PO 4 , H 3 PO 4 and NaOH were purchased from Sigma-Aldrich (Sigma Chemical Co., St. Louis, MO). HPLC grade-acetonitrile was obtained from Teknokroma S.A. (Barcelona, Spain). Imazaquin (IMZQ 97% purity) was supplied by Sigma-Aldrich and its commercial formulation (Scepter, 180 g a.i. L ) by Agan Makteshim (Lérida, Spain). Cyclodextrins (CDs) were purchased from Cyclolab (Budapest, Hungary). CDs employed were: α-CD, β-CD, hydroxypropyl-β-CD (HPβ), and randomly methylated-β-CD (RAMEβ). Fig. 1 shows the structural formulas of IMZQ and CD.
The upper part (0-20 cm) of sandy soil classified as Typic Xeropsamment was collected, and passed through a 2 mm sieve before use. This soil has a pH of 8.9 and 0.79% of organic matter (more detailed physicochemical properties are given in Undabeytia et al., 2012) .
Preparation of pillared clay minerals
Aluminum nitrate and iron chloride solutions in several Fe/(Al + Fe) molar ratios (0, 0.05, 0.15, 0.5) were hydrolyzed by titration with 0.4 M NaOH under nitrogen atmosphere. The Al/OH molar ratio was 2.0. These pillaring solutions were aged for 7 days. Then, 10 g of clay mineral was dispersed in 250 mL water, and the pillaring solutions in a ratio of 10 mmol (Fe + Al)/g clay mineral were added slowly with a peristaltic pump under nitrogen atmosphere. The final clay mineral content was 1% (w:w). The dispersions were under shaking for 24 h, followed by centrifuging, removal of chloride by dialysis, and dry-freezing. Finally, the powder clay minerals were heated for 3 h at 300°C under nitrogen atmosphere.
A nomenclature was used for the PILCs where the first letters, Al or Fe, respectively indicated the absence or presence of iron in the pillaring solutions, and the following numbers indicated the used Fe/(Al + Fe) ratio.
Characterization of PILC
The chemical composition of the PILC was determined by X-ray fluorescence (PANalytical Model Axios). X-ray diffraction of the clay mineral samples was performed on a Philips X'Pert diffractometer (model Anton Paar HTK) with Cu Kα, 26 mA and 36 kV, counting time of 10 s/step collected from 1 to 25°(2θ).
Surface area values were determined by using the BET method. The adsorption of N 2 was measured with a multi-station high speed gas sorption analyzer (Quantachrome Instruments NOVA 4200). The samples were outgassed by heating at 200°C for 2 h.
Fourier transform infrared (FTIR) spectra of the Fe-0.5 PILC were recorded in KBr pellets (2 wt.% sample) using a JASCO spectrometer (model FT/IR 6300) with a DTGS detector, in the range of 4000-700 cm −1 . Resolution was of 2 cm −1
. 300 scans were accumulated for improving the signal to noise ratio in the spectra.
Adsorption-desorption studies
IMZQ adsorption experiments were performed in duplicate by mixing 24 mg of the PILCs with 15 mL of herbicide solutions ranging up to 160 μM. Preliminary kinetic studies indicated that adsorption reached equilibrium after 24 h; thus, the dispersions were shaken for 24 h at 20°C. Subsequently, the dispersions were centrifuged and the concentration of herbicide in the supernatants was analyzed. Desorption experiments were also performed for certain concentrations (16, 64 and 160 μM) by replacing the whole supernatant of the adsorption experiments with water, re-equilibrating for 24 h, centrifuging and further analyzing of the herbicide in the supernatant.
Adsorption of IMZQ on PILCs was also studied in the presence of NaCl, Na 2 SO 4 and Na 3 PO 4 electrolytes. The added amount of both herbicide and electrolyte anion was 160 μeq/L. Clay mineral concentration was also 1.6 g/L.
IMZQ-CD complexes were prepared from solutions of 100 mM CD containing dissolved amounts of IMZQ as determined previously from the solubility diagrams (1.61 and 1.29 mM for HPβ and RAMEβ, respectively), by successive dilutions. Fe-0.5 PILC was treated with the IMZQ-CD solutions at 1.6 g/L, and the adsorbed herbicide was determined as previously indicated. The amount of CD adsorbed was determined by analysis of the supernatant as described in Takeuchi and Miwa (1999) .
FTIR spectra of the herbicide before and after adsorption on Fe-0.5 PILC were also recorded.
Imazaquin solubility studies in the aqueous phase in the presence of different CDs
Solubility studies were carried out according to the method reported by Higuchi and Connors (1965) . IMZQ (10 mg) was added in excess of its solubility at 25°C (60 mg/L) to aqueous solutions (10 mL) containing various concentrations of one of the CDs. The range was from 0 to 16 mM for β-CD and from 0 to 100 mM for α-CD, HPβ and RAMEβ. The experiments were carried out in triplicate. Flasks containing the dispersions were sealed and shaken for 1 week. This reaction time was chosen after preliminary kinetic studies (data not shown). Dispersions were then filtered using a syringe through a 0.22-μm Millipore cellulose glass fiber membrane filter, and the concentration of IMZQ in the filtrate was determined by HPLC (Shimadzu Model 10A) equipped with a PDA detector as described in Undabeytia et al. (2008) .
The apparent stability constant Kc was calculated from the straight line obtained in the phase solubility diagram, following the equation proposed by Higuchi and Connors (1965) :
where S 0 is the IMZQ equilibrium concentration in aqueous solution in the absence of CD, and Slope is the slope of the phase solubility diagram. Solubility efficiency (Se) was also obtained from the solubility diagrams, which is defined as the increment in the apparent solubility of IMZQ at a fixed CD concentration with respect to its solubility in the absence of CD. The inclusion complex of the herbicide with RAMEβ was characterized by 1 H-NMR. The experiments were run at 25°C using a Bruker AMX 500 spectrometer. The concentrations employed were 100 mM for CD and 1.28 mM for IMZQ.
Preparation of imazaquin formulations
The formulations were prepared by adsorption of IMZQ-CD complexes on Fe-0.5 PILC at 1.6 g/L. The used CDs were HP-β and RAMEβ. The used concentrations were 100 mM for both CDs, and the amount of IMZQ dissolved in the CD solutions was 1.61 mM for HPβ and 1.29 mM for RAMEβ.
The dispersions were shaken for 24 h at 20°C. Then, the herbicide was analyzed in the removed supernatant, whereas the pellets were dry-frozen yielding the PILC formulations. They were denoted as Fe-0.5 PILC-HPβ and Fe-0.5 PILC-RAMEβ.
Release of herbicide
The release of the herbicide from Fe-0.5PILC and commercial formulation was conducted by using Büchner funnels. In this procedure 98.9 g of the sandy soil was added to a Büchner funnel (9.5 cm internal diameter) equipped with a paper filter on the bottom. The soil layer was homogenized to a 0.5 cm height. The soil surface was uniformly sprayed with the different herbicide formulations at a rate of 140 kg of active ingredients per ha. The soil layer in each funnel was irrigated 14 times with 15 mL, each washing corresponding to 2.12 mm rain at 20 min intervals. The volume eluted after each irrigation was collected, and the concentration of herbicide in the eluent was determined. Table 1 shows the clay mineral elemental composition obtained from the raw clay and after pillaring with Al and Al-Fe oligomers. Intercalation of these oligomers was successful as noted in the increase in Al content relative to the initial clay mineral and also in the increase in Fe which paralleled the Fe/(Al + Fe) ratio used in the pillaring process.
Results and discussion
PILC characterization
There is also a decrease in the octahedral Mg content in the pillared clay minerals due to the attack of protons from the oligomeric cations, which are decomposed after heating in oxide pillars with the subsequent proton release (Bradley and Kydd, 1993) . This Mg release yielded hydroxyl acid sites. However, these acid sites are not responsible of the strong Brönsted acidity reported in these types of materials, which is rather attributed to Al (or Al-Fe) pillars (Zubkov et al., 1994) as a consequence of the greater dissociation of pillars by hydrating water molecules (Schutz et al., 1987) . 
X-ray diffraction
The X-ray diffractograms corresponding to the PILC by intercalation of Al and Fe oligomers are shown in Fig. 2 . The Al PILC showed basal spacing at 1.8 nm, indicating a 0.9 nm interlayer space in good agreement with the size of the Keggin cation. In contrast, Al-Fe PILC showed an additional peak at 5.2 nm, which remained constant when increasing Fe/(Fe + Al) ratio. This peak at low angle was of lower intensity compared to that at 1.8 nm for an Fe/(Al + Fe) ratio of 0.05. However, the contrary tendency was observed at larger ratios, a noticeable decrease in the intensity of the peak at 1.8 nm which was shifted to higher angles for an Fe/(Al + Fe) ratio of 0.5. This tendency was already observed by Mandalia et al. (1998) . These authors obtained basal spacing values as high as 7.2 nm for an Fe/(Al + Fe) ratio of 0.5. The different observed basal spacing values at low angles can be due to the different (Fe + Al)/OH ratios used in the formation of the Fe and Al oligomers, since the pillaring process is strongly dependent on experimental conditions such as temperature and pH, and also dependent on the nature of the exchangeable cation and especially on the metal/base ratio used.
The high basal spacing obtained in the current study differed with the vast majority of previous studies performed with Fe-based PILCs (Bandosz and Cheng, 1997; Cañizares et al., 1999; Heylen and Vansant, 1997) which showed the largest basal spacing of about 2.5 nm. This can be due to the fact that the starting materials were clay minerals with higher CEC than SWy-2. Al polyoxocations are more effective in neutralizing negative charge because of their more planar shapes than those of Fe that have a more spherical shape (Oades, 1984) . Consequently, the lower the clay mineral layer charge, the lower the Al-oligomer competition and the larger the Fe polyoxocation intercalation. Clinard et al. (2003) observed by transmission electron microscopy that Al-Fe PILCs are composed by particles separated from each other by regular mesopores, which contained compact aggregates of Fe oxide nodules. The spheroid clusters formed by condensation of these Fe nodules had an approximate diameter of 3.8 nm. This value correlated quite well with an interlayer space of approximately 4.2 nm corresponding to the basal spacing of 5.2 nm, in the current study.
The diffraction observed at 1.8 nm was the only peak for samples prepared in the absence of iron; therefore, this peak was due to the formation of Al pillars as usually described in Al-PILC (Bergaya et al., 2006) . The intensity decrease observed for this diffraction peak to 1.4 nm in Fe-0.5 PILC indicated the presence of smaller Al oligomers. The XRD data agreed with previous Mössbauer results that indicated no Al substitution in the Fe pillars and that Al and Fe formed separate pillars or phases in the interlayer space (Aouad et al., 2010) .
Porosity
The pillaring process increased considerably the total surface area (Table 2) 
). The S BET decreased slightly (about 20% reduction) with increased Fe content. However, the micropore area decreased by about 80% from Al PILC to Fe-0.5-PILC. The larger decrease for the micropore area vs. the total surface area indicated that most of the new surface area created in the pillaring process with Fe species corresponded to mesoand macropores. In general, the materials produced from intercalation of iron oxyhydroxides create smaller micropore volumes and surface areas compared to Al PILC (Bakas et al., 1994; Mishra et al., 1996; Pinnavaia et al., 1983) . This was usually attributed to iron species adsorbed on the external surface of the smectite leading to spatial arrangement with pore formation of different sizes in the micro-and mesopore region (Bandosz and Cheng, 1997; Marco-Brown et al., 2012) . The mesopores resulted from interparticle spaces generated by three-dimensional coaggregation of iron polyoxocations on the clay mineral surface forming delaminated structures, whereas micropores arose from intercalation of smaller hydrolyzed iron oxides and from microporous interstices existing among the iron aggregates and clay mineral layers (Yuan et al., 2008) .
Adsorption isotherms
IMZQ did not adsorb on the raw Mt (SWy-2) used in the pillaring processes due to electrostatic repulsion at the equilibrium pH between the negatively charged molecules of the herbicide and the negatively charged clay mineral layers. However, the herbicide adsorbed on PILC, with increased adsorption as the iron content increased (Fig. 3 ). This agreed with previous studies that reported enhanced IMZQ adsorption by Al and Fe oxyhydroxides in soils with low organic matter content (Gennari et al., 1998; Regitano et al., 1997) . Undabeytia et al. (2004) studied IMZQ adsorption in soils with different physicochemical properties, and observed that the highest adsorption occurred on loam silt soil due to its high content of amorphous iron oxides. This high affinity of the IMZQ herbicide to iron oxides would explain values for maximal adsorption up to four-fold larger than that on Al PILC.
Adsorption on Fe PILC was related to the iron content as well as to the porosity of the samples. IMZQ adsorption increased as the mesoand macropore surface increased. Therefore, IMZQ interaction with the pillars in the interlayer spaces is greatly facilitated. However, the greater IMZQ retention on Fe PILCs over Al PILC was probably related to a stronger adsorption mechanism. Al PILC showed higher external surface area value than Fe-0.05 PILC, but its IMZQ adsorption was lower. Polubesova et al. (2002) suggested that IMZQ adsorption on Al PILC was occurring through electrostatic interactions of the anionic herbicide molecules with positively charged sites of pillars that are attributed to Lewis acidity, in addition to hydrogen bonding of Brönsted acid sites with the carboxylate moiety, nitrogen and oxygen atoms of IMZQ. Both mechanisms provide less tight binding than inner-sphere complexation, facilitating IMZQ desorption. Desorption of IMZQ was performed by replacing the complete supernatant by distilled water (Table 3 ). The desorption percents were extremely high with Al PILC and independent of the initial concentration, but were largely reduced when using Fe PILC, the largest the increase in Fe content the lowest the desorption percents. This suggests that other adsorption mechanisms may be operating on Fe PILC. To find out the mechanisms involved, IMZQ adsorption was performed on Al PILC and Fe-0.5PILC in the presence of competitive anions, whose adsorption was occurring through different mechanisms. The competitive anions were chloride, which was adsorbed as outer-sphere complex; phosphate, as inner-sphere complex; and sulfate, which was adsorbed by both mechanisms (Polubesova et al., 2000) . The amount of adsorbed IMZQ decreased in the presence of all the electrolytes (Table 4) . However, there were remarkable differences depending on the PILC. The reduction in the amount adsorbed in Al PILC was lower in the presence of sulfate relative to chloride. This implied a larger sorption of the herbicide on Al PILC by an electrostatic mechanism. On the contrary, the opposite trend was observed for Fe PILC, where the reduction in the adsorbed amounts was more prominent in the presence of sulfate vs. chloride. In both clay minerals, the large decrease in the adsorbed amounts in the presence of phosphate was due to the increase in the negative surface charge when phosphate was adsorbed; therefore, herbicide adsorption would decrease (Polubesova et al., 2002) . Carboxylic herbicide adsorption on iron and aluminum oxides is strongly dependent on the herbicide structure. Adsorption of 2,4-D occurred through coulombic interactions between the organic anion and the positively charged oxide surfaces (Clausen and Fabricius, 2001; Watson et al., 1973) . Vasudevan et al. (2002) observed a preferential adsorption of the herbicide quinmerac on iron oxides such as hematite and goethite over Al oxides; however, the herbicide 2,4-D did not show any selectivity. These authors suggested that other additional mechanisms on quinmerac adsorption were operating, and rationalized the higher preference over Fe oxides on the contribution between the heterocyclic N and Fe (III) in the formation of covalent bond. The herbicides IMZQ and quinmerac have analogous chemical structures; both of them are quinoline-carboxylic acids, suggesting similar adsorption mechanisms. Marco-Brown et al. (2012) observed similar coordination of the pyridinic nitrogen of the herbicide picloram with the surface iron centers on Fe PILC.
The results of this study also pointed out to a preferential adsorption mechanism of IMZQ on Fe PILCs through formation of innersphere complexes. Leone et al. (2001) attributed to a ligand exchange mechanism the adsorption of imidazolinone herbicides on the iron oxide ferrihydrite. Both mechanisms can be operating on Fe PILC which permits to explain the high herbicide affinity compared to Al PILC as noticed in the high adsorption values and low desorption percents.
Evidence of the mechanisms involved in the adsorption of the herbicide on the Fe PILC was partly supported by IR spectroscopy (Fig. 4) . The spectra of the herbicide showed absorption bands at 1732 and 1694 cm −1 due to carbonyl stretching vibrations of the carboxylic and ketone moieties, respectively; multiple ring vibrations arising mainly from the quinoline moiety between 1650 and 1300 cm (Bajpai et al., 2000; Kumru et al., 2012; Ozël et al., 2001 ). In the Fe PILC (Fig. 4b) , the position and assignment of the main absorption bands were (Qin et al., 2010; Yuan et al., 2008) : 1636 cm −1 to OH bending of water;
1013 cm −1 to Si\O stretching vibration; 916 cm −1 to Al\Al\OH deformation; and 882 and 796 cm −1 to Si\O vibrations of some quartz impurities of the raw mineral. The IR spectrum after adsorption of the herbicide (Fig. 4c) showed some features suggesting the involvement of N-donor ligand and formation of inner-sphere complexes: i) Fe-N coordination through the quinoline moiety were reported by Özel et al. (2001) to yield upward shifts of most of the ring vibrations between 4 and 22 cm −1 as in Fig. 4c (1457 ); and ii) the absence of the ring vibration bands at 1643 and 1563 cm −1 of the pristine herbicide (Fig. 4a) which are associated to protonated quinoline nitrogen (quinolinium moieties) (Pusino et al., 2003) and used as a fingerprint for determination of Brönsted acid sites in clay minerals (Corma et al., 1993) , also suggested coordination of the N atom of the quinoline ring to Fe centers. In addition, the new absorption bands at 1250 and 1188 cm −1
were due to C\O stretching vibrations resulting from the reaction of the carboxylic moiety with Fe oxyhydroxides, similarly to esters of inorganic alcohols. The lack of detection of the C_O stretching frequency in these types of interactions is due to the fact that it can vary within very wide limits and therefore, not found at the typical carbonyl frequencies of normal saturated esters with organic alcohols (1750-1730 cm
) (Bellamy, 1975) . These results also point out formation of inner-sphere complexes of the herbicide through its carboxylic moiety to Fe pillars.
Solubility diagrams of imazaquin in the presence of cyclodextrins
Solubility diagrams of IMZQ with four CDs showed a linear increase in the herbicide solubility when increasing CD concentration (Fig. 5) . These curves were indicating formation in solution of complexes without a defined solubility limit, which corresponded to A L type according to Higuchi and Connors classification (Higuchi and Connors, 1965 73.4 ± 3.6% 64.5 ± 2.3% 56.6 ± 1.8% 38.5 ± 0.2% a Clay mineral concentration was 1.6 g/L. constants of the complexes were calculated as well as the maximal increment in the herbicide solubility (Table 5) . The values of the apparent stability constants (Kc) for β-CD and its derivatives were much larger than that of α-CD. The low value for this CD can be due to the more reduced dimensions of its cavity, which would hinder the entrance of the herbicide; therefore the interaction mode will be different when using β-CD and derivatives which present a more optimal accommodation between the hydrophobic cavity and the non-polar moieties of the herbicide.
The highest complexation constant as well as the maximal increment in IMZQ solubility occurred with HPβ (up to 8-fold for 0.1 M concentration). A similar value of constant was observed for β-CD but the enhanced solubility of the herbicide was lower due to its lower solubility. The enhanced solubility of the herbicide was also remarkable with RAMEβ, with solubility increments up to 6-fold for a 0.1 M concentration and high complexation constant.
3.6. Study of imazaquin-cyclodextrin inclusion complexes 1 H-NMR spectroscopy is a useful and powerful tool which permits the characterization of complexes in solution by monitoring the chemical shifts of CD-protons and those of the guest molecule. Table 6 shows the chemical shifts for the herbicide and for its inclusion complex with RAMEβ. The shifts for CD protons were not possible to monitor due to the high free CD concentration relative to the fraction forming inclusion complexes. Consequently, the changes were only followed in the herbicide spectra whose peaks did not overlap with those of the CD.
Studies on inclusion complexes of β-CD and derivatives showed shifts to low fields of the guest molecule protons which are interacting within the CD cavity (Goyenechea et al., 2001; Lezcano et al., 2003; Pérez-Martínez et al., 2000) . In Table 6 , the highest shift was obtained for H-4. High shifts were also observed for H-6 and H-7. These features indicated interaction of the herbicide via the quinolinic ring with the CD. However, the shifts of these aromatic protons were occurring at high field instead. Masson et al. (1998) observed a similar effect on chlorambucil inclusion with β-CD, which was explained on the basis of the opposite effect produced by strong hydrogen bonding involving N electro pair with the CD. These data pointed out that the quinolinic moiety of the herbicide is partially trapped within the CD cavity, with the quinolinic N atom outside of the cavity and forming strong H-bonding with polarized water molecules or hydroxyl groups of the CD. The small chemical shifts of protons located in the imidazolinone ring and its substituent groups indicate that this ring was staying outside the cavity. This interaction was tried to find out which CD protons were interacting with H-4 by performing NOE experiments. However, the results were unsuccessful due to the high amount of noncomplexed CDs. Similar observations were obtained for the other CDs.
Adsorption of imazaquin in the presence of cyclodextrins
In Fig. 3 , adsorption of IMZQ was highest on Fe-0.5 PILC. Its adsorption was linear and limited by the solubility of the herbicide; therefore, this PILC was selected to increase IMZQ adsorption in the 
, and solubility increase (Se, using 0-0.016 M for β-CD and 0-0.1 M for the other CDs) for the inclusion compounds obtained between imazaquin and the different CDs. presence of CD. Adsorption of the herbicide from CD-IMZQ would promote the amount of adsorbed herbicide by enhancement of IMZQ solubility. The CD would be only acting as a solubilizing agent to increase the active ingredient content in the PILC-based formulations. The CDs used were only RAMEβ and HPβ because their herbicide solubility increments are the largest (Table 5) . Adsorption of the herbicide from CD-IMZQ complexes increased largely the amount of herbicide adsorbed compared to its adsorption in the absence of CD (Fig. 6 ). Herbicide adsorption increased by 42% in the presence of RAMEβ. Smaller increments were obtained for HPβ, which is in good agreement with its higher complexation constant. The CD in solution is competing with the sorption sites on the Fe PILC for IMZQ, impeding a larger adsorption. Adsorption of both CD on Fe PILC was determined to be negligible. Fig. 7 shows the elution curves of the commercial formulation Scepter as well as those of Fe-0.5 PILC prepared in the presence of CD. After 14 irrigations, the amount released from the total applied was 87.8 ± 3.1% for the commercial formulation. The high elution obtained in this sandy soil with the commercial formulation agrees with the study by Undabeytia et al. (2004) who determined that adsorption of the herbicide on this soil mainly occurred through the organic matter, from which desorbed easily. After 14 irrigations, the total amounts released from the total applied were 40.2 ± 6.7 and 47.4 ± 4.8% for those prepared, respectively, with RAMEβ and HPβ, amounting to a significant reduction in release of 54 and 46%, respectively, compared to the commercial formulation.
Release studies
Conclusions
Fe PILCs were synthesized for the design of slow release formulations of the herbicide IMZQ. The approach used was the high affinity of this herbicide observed for iron oxide surfaces; therefore, an enhanced adsorption of the herbicide on iron-based clay minerals which paralleled a slow release could be achieved. Fe PILCs were synthesized and characterized. XRD and porosity measurements were in agreement with previous studies indicating a mesoporous structure formed by coaggregation of iron oxide clusters with clay mineral delaminated layers. Unless tight binding mechanisms are operating, a large pore will facilitate the interaction of the herbicide with iron nodules and also IMZQ desorption from the Fe PILCs. Competitive adsorption of anions showed that IMZQ was adsorbed mainly by inner-sphere complexation; however, other mechanisms may be acting. Inner-sphere complexation was also supported by IR spectroscopy.
The increase in the loading of herbicide on clay minerals for preparation of formulations is usually hindered by the herbicide solubility. This is overcome by the use of solubilizing agents, usually surfactants. However, the use of CDs, which are non-toxic, biodegradable chemicals, is a good alternative. IMZQ solubility was greatly enhanced in the presence of CD, by the formation of inclusion complexes. The use of these complexes increased the amount of IMZQ adsorbed on the clay mineral up to 42%. Release of the herbicide in sandy soil from formulations prepared from CD-IMZQ complexes was retarded by 1/2-fold compared to the commercial formulation Scepter. 
